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Until World War II there was little application of 
fluidized beds by industry; consequently, very little in-
formation about fluidized beds was published. However, 
during this period many fluid-oatalytio cracking units 
were built in this country. In 1947 literature about 
fluidization began appearing, and since that time a 
number of articles have been published. 
Despite this, much work still needs to be done in 
the field of fluidization. There seems to be a growing 
interest in applying fluidized beds to a4dit1onal proc-
esses. One recent application is the use of a "fluidized 
bed in the production of S02 from low-grade sulfur ore (l). 
Terms relating to tluidization are found in tabulated 
form in Appendix A. "A fluidized bed is a mass ot solid 
particles which exhibits the liquid oharaoteristios of 
mobility, hydrostatio pressure, and an observable upper 
tree surface or bowidary zone, aoros·s ·which a marked 
ohange in oonoentration of particles occurs." (2) 
Figure 1 shows a typical fluidized system including 
both a reactor and a regenerator. Dense p~ases are found 
in the lower portions (above the grids) of the reactor 
1 
and regenerator, and dilute phases are found in the dis-
engaging sections of the reactor and regenerator. These 
2 
two phases can also be found in the transfer lines between 
the two vessels. For example, a dense phase exists in the 
transfer line from the bottom of the standpipe to the bottom 
of the reactor. 
As was previously stated, there have been many articles 
published about fluidized systems since 1947. They can be 
divided into three main groups: One, heat transfer in 
fluidized systems (20, 34, 35, 31, 13, 11); two, mass trans-
fer in fluidized systems (21, 10, 29; 9, 30); and three, the 
general characteristics of fluidized systems (38, 18, 39, 
36, 23, 22, 19, 6, 17, 14, 4, 36, 16, 5, 28, 26, 33). 
The general characteristics of fluidized systems oan 
again be divided into three main classes: One, the uni-
formity of fluidization and its measurement (32, 27, 24); 
two, the pressure drop in transfer lines (7, 3, 8); and 
three, basic observations about fluidized beds in general 
(relating particle size, size of equipment, gas rates, 
etc.). 
Again, this last group about basic observations in 
fluidized systems can be sub-divided into several groups, 
and one such sub-division shall be the subject from this 
point. 
When solid particles fall from the regenerator (or 
reactor) into the standpipe (see Figure 1), they come from 



















FIG'O'U 1 FLUIDIZED Sl'STDI 
particles are partially aerated. As they approach the top 
of the bed, which is moving downward ·in the standpipe, rapid 
deaeration talces place. Dickman and Forsyth (5) developed 
a method whereby the deaeration characteristics of fluid-
cracking catalyst can be predicted in the laboratory. A 
correlation is found between their observed results and com-
4 
meroial operation. ( From this point on, the terms "catalyst" 
and "solid particles" are synonymous.) 
In plant operation, aeration gas is added at intervals 
along the standpipe to control the deaeration rate and to 
reduce unsteady operation, such as bumping and slugging, in 
the standpipe. (From this point on, "aeration gas" and "dis-
persing medium" are synonymous.) It is known that the cata-
lyst forms large masses in some commercial standpipes. This 
causes serious bumping (i.e., forming large falling masses). 
Irt commercial operation where there are hundreds of pounds of 
catalyst being transported, considerable forces are built up 
when these masses form and then fall. 
The purpose of this investigation was to determine the 
• effect of two variables on the flow of catalyst in a standpipe. 
These were-, the type of injection points along the standpipe 
for the aeration gas; and the minimum amount of injection 
medium required to keep the solid particles flowing smoothly 
in the standpipe. 
CHAPTER II 
THEORY OF FLUIDIZATION 
The theory of fluidization is still in the formative 
stage despite the number of correlations in the literature. 
In the s~ooeeding sections these correlations are presented 
and their application discussed. 
Pressure Drop 
One of the simplest correlations in fluidization is 








FIGURE 2. PRF.sSURE DROP AS A FUNCTION OF FLUID VEI.OCITY 
From observation, we find that as the fluid velocity 
increases the pressure dro~ increases. Starting with 
low velocities, there is a steady pressure buildup. Then 
point O, called the point of minimum fluidization, is 
reached. At Point B the solid partioles begin movement. 
This movement is actually a readjustment of the particles 
to allow a maximum amount of free space for the injected 
medium. Instability of the bed increases until point C 
is reached. Any additional increased flow of the gas 
will cause fluidization to start. · This additional increase 
in gas rate causes the condition known as "minimum fluid-
ization". With the addition of more air all the particles 
are in motion. The pressure drop between A and Bis caused 
by the resistance to flow through a packed bed. This 
behavior is dependent on tho particle size and on the 
density difference between the particle and the dispersion 
medium. 
There are two forces acting on a fluidized bed. One 
toroe is acting to raise the particles, and the other force 
is acting to settle the particles. The force tending to 
raise the particles consists of two things--the buoyant 
toroe and the friction force. The buoyant force comes from 
the injection medium, and the friction force cam.es from the 
gas passing over the solid particles. The force keeping the 
particles in the static state is the weight of the particle, 
. 
or the pull of gravity on eaoh particle mass. 
When these two forces are equal, the following equation 
oan be -written: 
(l-f) (L)(A) (\) + (-'1Pr)(A) = to (l-ElCfs)(L)(A) 
J'oroe Up + P'oroe up: Force down 
6 
or: 
-APf = L (1-E)(fs-~)(ic) (1) 
Leva (14) states that for laminar flow the following 
equation is correct: 
p = ( li :3 ) 2 ( 2 ) 
There are two basic forces of fluidization: the 
weight gradient through the bed (1-f) (f8 -fg) and the 
viscous drag of the fluid acting upward to disperse the 
bed (AP/L) (g), the latter called the fluid flow gradient. 
There appears to be a third force or combination of forces, 
the net effect of which is to retain the bed in a compacted 
state. Such forces may be either electrostatic or fluid 
dynamic in origin, or both. 
Froude Number Correlations 
Before one progresses further in the st~dy o~ fluidi-
zation, a distinction must be made between particulate and 
aggregate fluidization. (See Appendix A for definitions.) 
The data of Wilhelm and Kwauk (37) suggests that a corre-
lation between particulate and aggregate fluidization can 






. ~ \: Lowenstein ( 18) pre sen ts·· a nomograph for rapid estimation 
. 
of flui dization velooi ties • . If the''-, part icle diameter is 
plotted as a function of Froude Number a graph similar to 






FIGURE 3. FROUDE NUMBER A13 A FUNCTION OF PARTICLE 
DIAMETER 
Porosity 
The porosity is given by the :f'ollowing equation: 
E : L~Lo (4) 
L 
Just before fluidization is reached, the bed swells, 
and the bulk density decreases. This is followed by the 
oondi tion known as tluidization. 
Olin and Patterson (25} found a·relation between 






dp U e Reynolds Number 
PORotrTY AS A FUNCTION OF RE'YNOLDS NUMBER 
I Over the range of their data, using clean round sand, the 
following empirical relation holds: 
L-Lo • (0~033) (5) 
L (dp0.36) (Re0.14) 
9 
If the log porosity as a function of log Reynolds Number 
were plotted on a bed undergoing fluidization a graph similar 







Log dp u~f 
Fluidized 
Bed 
FIGURE 5. LOG POROSITY AS A FUNCTION OF RE'YNOLDS NUMBER 
With the data ot Wilhelm. and Kwauk (37), line BC oan be formed 
by extrapolation. Point C represents the free settling velooi ty 
of the individual partioleso 
Dimensionless Relations 
Excluding shape factor (which is discussed in the 
section entitled Relative Velocities}, the following vari-
ables are important in a fluidized system: 
(gAP), <lp, L,~0 (~s-~)g , s, p 
Definitions are fouhd in the table of nomenclature. These 
variables, with the additional dimensionless variable,f, 
were formed by Wilhelm and Kwauk into four dimensionless 
groups as follows: 
dp Uofs = NRe ( 6) 
I' 
1/2 <\,3 Ps g (4,L) = KCp ( 7) f2 Lo 
1/2 dp3@fg ( ~s-e1) = K~p ( 8) 1'2 
L-L0 •f ( 9 ) 
-r;-
Equation seven is the product of a modified friction factor 
for the flow of fluids through granular beds by the square 
of the modified Reynolds Number. Equation eight is the 
product of the drag coefficient of particles settling under 
the influence of gravity and the square of the modified 
Reynolds Numbero It may be noted that the usual 4/3 in 
I 
the drag coefficient is changed to 1/2 so that K~p and K6f 
may be referred to a common scale (see Figure 6)0 
Reynolds Number dp Uf/JJ 
FIGURE 60 FRICTION FACTOR AS A FUNCTION OF REYNOLDS 
NUMBER 
10 
Friction Factor Relations 
A correlation by Olin and Patterson (25) relates 
friction factor, Reynolds Number, and the particle size. 
the term f3/(l-f) 2 is used in the friction factor to 
correct for voids. The relation shows that for a constant 
Reynolds Number, as the particle size increases, the fric-
tion factor increases (Figure ,7). 
~ 
~ 'Increasing 
"- particle size, dp 
~~" 
dp e u/ f' 
FIGURE 7 o FRICTION FACTOR AS A FUNCTION OF 
REYNOLDS NUMBER 
Relative Velocities 
In a confined fluidized bed the net velooity of the 
particles will be zero. When the bed has a net motion with 
respect to the fluid. the velocity is the difference ( v-vp) 
in the velocities. Therefore, in a bed where the solid 
particles are moving downward, the correct modified Reynolds 





Toomey and Johnstone (33) found a relation between 
the energy required for fluidization and the terminal 







Leva (16) has presented data that gives a correlation 
12 
for shape factors. The equation derived is for all particleso 
A= (12} 
For spheres.Xis equal to 1.0 and for all other particlesAis 
less than l.Oo It is to be noticed that shape factor and 
sphericity are the sa.rn.e thing~ 
Segregation Tendency 
One of the advantages of a fluidized bed is the uni-
formity of the solid particles with relation to the total 
gas stream.. However, due to channeling or slugging con-
ditions, the bed can become less uniform than a fixed bed. 
This condition can be visualized by using a sample of 
extreme particle sizes. It takes more air to suspend a 
very large particle than it does a very small particleo 
In commercial operations the solids "wear out" 1 thus be-
coming increasingly smaller (this varies in operation) 
until they are carried off by the fluidizing medium. 
Lapple (12) states that a bed of free flowing particles 
with a high segregation rate will exhibit predominantly 
"aggregative" fluidization, but with a low segregation rate 
the bed will exhibit mainly ''particulate" flui dization. 
By use of the Carman-Kozeny correlation !apple obtained 
the following equation: 
u0 = ~f' (Qs-ef}(f2-cfl) (So) (f3} 3 
2 
a f' 5 L1 
Segregation is represented by u0 • 
( 13) 
Several aonolusions may be drawn from Equation (13). 
These conclusions are taken from Lapple {12): 
"l. The segregation, tendency is inherent in any 
fluidized bed and is self-accelerating.. This conclusion 
is drawn from the dependence of u0 (segregation rate) on 
(~2-fl); as segregation proceeds ~2 inoreases and~ 1 
decreases; consequently their difference increases and 
thereby the segregation rate also increases .. The limit is 
reached if f 2 becomes loO and fl becomes the voidage of 
13 
the settled bed. When this situation exists, stable channels 
pass through a stagnant bed, and segregation has proceeded 
to completion. This situation normally occurs only with 
materials which are not free-flowing. 
2. The segregation rate is greatest at the bottom of the 
bed since u0 is proportional to Lr• As a corollary, deeper 
beds should exhibit greater segregation and correspondingly 
poorer quality of fluidization. 
3. Liquid fluidized beds have much smaller segregation 
rates than do gas fluidized beds, because of the roughly 
fifty-fold higher viscosity and tne smaller density dif-
ference. This is believed to be the principal reason for 
14 
partiou.J.ate :t'luidization in Wilhelm and Xwauks water :f'luidized 
beds and aggregative fluidization of the air fluidized beds. 
4~ .:' High densit7 particles have correspondingly high seg ... 
• !~ 
regatio:n rates. · As a corollary, decreasing the effective 
particle density by using hollow or vesicular partioles, or 
'b7i using porous floos, should de or ease the segregation rate. 
I . 
5J. The smaller the partiole, the larger its speoi:f'io 
I' 
surface and consequently the smaller its segregation rate, 
Unfortunatel7, deorease ot;' particle size is often aooompan1ed 
'by decrease in the free flow qQality of·a powder, which may 
offset the advantages of lower· segregation rate." 
Viscosity Relationships 
The data of Diokm.an and Forsythe (5) shows a corre-
lation 'between viscosity and aeration rate (ft ./sec.). 
This correlation is found in Figure e. 
Viscosity 
Aeration Rat·e · ( :rt./seo·.) ·· · 
J'IGtJRI s. VISOOSITY AS A. FUNCTION OF AERATION !ATE 
Thia oonoept relates changes in tlaidity to changes 
in visoos1ty. The met.hod is briefly: When the air in a 
fl~idized system is shut oft, the system "settles", and 
du;ring this settling period, there .isa change in viscosity 
(measured by a suspended Boot:t'ield Viscometer). A oorrela-
tion exists between this ohange in viscosity and the :t'low 
properties of the solids. 
Application o:t' Theory to Problem 
The theory ot flllidized beds has been presented in 
15 
the first part of this ob.apter. To the present time, studies 
have been oon:t'ined to vertioal ohambers of varying diameters 
with ~arious means for injection of fluidizing .medium. The 
pr·ese:nt 11 teratu.re covers the various types ot grid systems 
for the distribution of the gaseous medium by the system at 
different states of fluidization. 
Little information is available for fluidized systems 
that would be encountered "When the main body of solids is 
moving oounterourrent to. the gas. Applioation of this 
prineiple may be folJll.d 1n vertical transfer lines where 
the force of gravity is used to transport the solids. 
An analogo\ls pieture is a eounterou.rrent extraction column. 
It slugs of gas and slugs of solids ooour, they are detri-
mental to smooth operation.. 
A 'basic mderstanding of what aotnxally happens in · 
standpipes ·is essential 'before. one proceeds. (From·this 
point on the terms "oolwnn" and ''standpipe" are synonymou.s.) 
In mo st operations in the actual reaction vessel, the 
solid.a are in a turbaJ.ent state of fluid1zat1on. As they 
are withdrawn by spilling over in to the standpipe, they . 
16 
go from a lean phase to a dense phase. They tall a short 
distance in a completely aerated state (lean phase). The 
laws goveniing free fall oould apply in some oases. The 
partioles then "hit" the main body ot solids which is moving 
downward. In this interval of time, while "hitting", the 
solids undergo a rapid deaeration. If no fluidizing air 
is used to combat this rapid deaeration, the solid particles 
will form a mass and move down the bed. 
Another problem enters when one considers flow in the 
standpipe. It is known that the type of grid system greatly 
. 
determines the quality of fluidization. However, when gas 
is added to a standpipe, the downward flow of solid particles 
must not have an, elaborate grid system to blook flow. There-
fore, gas will have to be added at points. It is assumed 
that the gas will diffuse toward the wall, and then the 
gas will aot as though evenly distributed. 
In this work air was ased as the aeration gas, and 
entry was made at several points along the ·standpipe. 
Several methods of dispersing the gas were used: 1) run-
ning the tubes to the center of the standpipe and pointing 
upward; 2) extending the tube across the standpipe and 
having several outlets in the tube (this is like a portion 
of grid); 3) introduoing the air through outlets in a cross 
arrangement at the bottom of the column. Figure 9 shows a 

























DISCRIPTION OF APPARATUS 
Kost work on fluidized beds has been done in oontined 
vessels with a suitable gridwork at the bottom to disperse 
the gas. To study the downward flow ot solids in stand-
pipes, a false bottom must be employed. A column was 
ohosen that had a large lenth-to-diam.eter ratio. The 
diameter was large enough so that wall effects were small. 
A oolumn having a diameter of three and one-half inches 
was ohosen. 
Tho drawings of the column and associated pieces of 
equipment may be found in Appendix B. The column and 1 ts 
associated pieoos ot equipment will be described brietly. 
The oolumn was a plexiglass pipe tive teet high, 
three and one-halt inohes inside diameter, and one-fourth 
ot an inoh thiok. Plexiglass was ohosen so that visual 
observations oould be made. lleven one-halt inch holes 
were drilled in one side ot the pipe to serve as pressure 
taps. Ten one-halt inoh holes were drilled on the opposite 
side ot the column to serve as gas injection holes. 
Tho false bottom wa~ a cone that fitted on the bottom 
ot the oolumn, and the diauieter of the hole at the bottom 
of this oone determined the rate of flow ot solids. The 
oone was a thin aluminum plate, and was analogous to the 
18 
slide valve used in some commercial operations. It was 
believed that a slide valve would create a dead zone in 
this small-scale equipment, and that a cone would allow 
more uniform downward movement of the solids. Three 
types of injection tubes made of 1/4-inch copper tubing 
were used. Type number one was a tube extending from the 
wall to the center of the column. The tube was bent 
ninety degrees so that the outlet was pointed up along the 
centerline. Type number two was a tube extending from one 
wall to the opposite wall. This tube had four 1/16-inch 
diameter holes drilled in it. These holes were evenly 
spaced on one side along the length of the injection tube. 
Type number three was a cross. This cross was two tubes of 
type number two connected at the center, with only one gas 
inlet. 
Pressures were read on water-filled manometers. A 
pipe cleaner was inserted in the pressure tap line at the 
standpipe end to keep the pressure line free of solids. 
Rotameters were used to meter the gas into the column. 
Calibration data on these rotameters are found in Appendix 
c. 
On the runs using the conical false bottom a five-
gallon c an was fastened at the bottom of the column. The 
can received the solids and prevented the fluidizing medium 




The tests were divided into three groups. In group 
one a used microsphere - cracking catalyst was employed, 
while in group two a new one was used. In group three 
two series of runs were made: one series in which the 
used catalyst was employed and a second using the new 
catalyst. The new catalyst was obtained from American 
Cynam.ide Company, and the used catalyst was obtained from 
Cities Service Oil Company~ The analysis of both of these 
catalysts was made by the American Cynamide Company.. The 
analysis of the two catalysts is found in Appendix c. 
The test runs are lettered from A too. Runs A 
through C were made with the new catalyst, and Runs D 
through F were made with the U$ed catalyst. Runs G through 
0 were made using both catalysts in the same manner as Run 
F. One set of operating conditions will be given as an 
example. 
Run,s G through O wer,e made in the same manner as Run E, 
but the solid flow rate was changed. Both new and used 
solids were used in Runs G through o, each run being labeled 
as either new or used catalyst. 
It was thought that the bottom of the column should be 
closed and some data obtained in the confined bed .. · These 
20 
rw,.s are labelQd A. T_hen the cone was plaoed on the bottom 
of t.he column, a flow rate established; and dat.a obtained. 
These runs are labeled :e. In Runs A t,he minimum rate of 
tluidi.zing gas for :t'luidization was found. In Run o this 
minimum tlul.dizingrate was added to'a oolwnn with no 
catalyst, and catalyst.in weighted amounts was added to the 
21 
.. ·.column •. · J?ressure res.clings were reoor<led a.:f'ter each addition. 
In. the A rune the oatalyst w~s added to the column to 
a height ot tortr•nine inches from the bottom. Air was 
introd11oed in ditterent amounts using the three types of 
injection points. Pressure drops were measured at various 
point a on the column. 
In Runs B catalyst was added to the column and a rate-
of-flow of solids from the bottom of the column was established. 
Air was introduced in different a1110unta using the three types 
of injection points. Pressqre drops were measured at various 
points· on the ooluiluh Oata,lyst ·was added manually to main-
tain a .fluidized height of forty ... nine inohes in the bed. 
In so.me of the runs the pres.sure-drop curve was 
. . ' . 
established by tno:reasing the flow rate past the minimum 
. tluidizatj.on rate and then, wi thou.t doing anything to the 
. . . 
system, t~e pressure drop was obeerved by sJ,.owly deoreasing 
the air flow. Runs 3A and lD>are examples of this procedure. 
Runs 5A-l and 5A-2 were made to cheek the addition of air, 
using two in.3eotion li.nes. - The top part of the bed was 
fluidized using injection location F. ·A.minimum gas rate 
was tou.n4 which was ~e.intained while air was added at the 
'bottom of th~ colun:i.n, using Jnjeotion point A. A minimum 
~ : ,' 
gas rate was established at this point. A comparison of 
this run and a run using only injection point A was made. 
In Runs G through o, the catalyst flow rate was changed 
by changing the diameter of the hole in the bottom of the 
oone. 
There was some question as to the validity of the 
pressure point taps used. A pressure traverse was made 
across a diameter of t,h.e column to establish that the 




DISCUSSION OF RESULTS 
Because of the quantity of data, the results are 
divided into three main groups. Group one consists of 
Runs A and B; group two consists of Runs D and E; and 
group three consists of Runs G through o. The data are 
summarized in Table I. For details of conditions of each 
run, see Chapter IV. 
The three types of injection points used made very 
little difference in the amount of air required for 
fluidizing the microsphere-cracking catalyst. An average 
air velocity (expressed as feet per hour) of twenty-five 
feet per hour, plus or minus one foot per hour, was needed 
to fluidize the bed with zero net downward particle motion. 
As the net downward motion of the catalyst increased, the 
amount of gas needed for fluidization increased. This is 
shown in Figure 10. 
It took more air to fluidize the used catalyst than 
it did the new catalyst. The average particle size was 
the same, but the used catalyst had a much higher bulk 
density. The pressure drop across the used catalyst was 
also greater. 
Runs 3A (Figure 13) points out an interesting relation 
in the gas rates needed in a fluid bed. Two curves are 
23 
TABLE I 
SUMMARY OF EXPERIMENTS 
Net Catalyst Minimum Air 
Type Velocity Required Figure 
Run Catalyst in./min. ft./hr. Number 
7A New M .. s .. o.o 26+o .. 2 16 
8A New M., So o.o 25+0 .. 5 17 
9A New M .. s~ o.o 24±0.5 18 
2B New M., s .. 3 .. 0 37+0.2 2;J. 
3B New M" s .. 3.0 35.,5 22 
4B New M0 s. 3~0 36,±0,. 2 23 
lD Used M .. S6 o.o 32.0 25 
2D Used M .. s., o .. o 37.0 27 
4D Used M® S,. o.o 33~0 29 
IE Used M.., s., · 3 .. 0 40 30 
2E Used M,.. s. 3 .. 0 44 31 
3E Used M~ s. 3~0 50 32 
lG Used M~ s" 0~5 26.,5t0®5 33 lH Used M .. Se 1~5 31,,5+0'1;5 34 
lI New M .. s .. 1.,5 27,.8 35 
lJ New M .. S. o .. 75 24 36 
lK New M .. s .. 0 .. 75 25.,5 37 
lL Used M., So 4o0 4lo0 38 
lM Used M. s. 4o0 40.1 39 
lN New M., s. 4.0 40 .. 2 40 







(x) Used Catalyst 
FIGURE 10 
GAS RATE AS A FUNCTION 
OF SOLIDS RATE 











(Q) Based on Equation 22 
o.o 1 .. 0 3,.0 4 .. 0 
RATE OF SOLI:PS DESCENT~ INCHES PER MINUTE 
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plotted--one with an increasing gas velocity and the other 
with a decreasing gas velocity~ This data shows that it 
takes less gas to keep a bed fluidized than it does to 
fluidize a static bed. 
A simple experiment was devised to determine if the 
pressure readings were the same along the axis of the 
column as they were at the wall of the column. It was 
found that the pressure was the same at the wall and at 
the center of t-he column at a given height. 
In rtms 5A-l and 5A-2 it was found that by placing 
two injection points in the column in different locations 
no less gas was required to fluidize the total bed. In 
standpipes when the solids are moving very rapidly the only 
reason for having multiple points is to keep agglomerates 
from terming. Multiple points should not be sought where 
minimuni use of fluidizing gas is required. 
A correlation was found to exist between the amount 
of air needed for fluidization and the terminal settling 
velocity of a single sphere o E.quation (14) shows this rela-
tion. 
(14) 




SUMMARY .AND CONCLUSIONS 
A correlation between the terminal settling velocity 
and minimum velocity required for :f'luidization has been 
tound tor a miorosphere-oraoking catalyst. This relation 
is as tollows: 
{14) 
The type of injection system made very little difference 
in the amount of air required to fluidize a given bed of 
oatalyst. The three types of injection systems included 
a point, a tube, and a cross. 
This experimental work shows that multiple injection 
points at different heights require more air to fluidize 
a given volume of oatalyst. 
Less gas is required to keep a bed in the fluidized state 
, than to reaoh a fluidized state from a static condition. 
There seems to be · a third force, the effect of which is to 
retain the bed in a compacted state. 1m experimental 
program should be carried out to see what this roroe 
is. 
The experime.nts which form the basis for this thesis 
were done with a microsphere catalyst, which, from a 
theoretical standpoint, should give the most ideal results. 
There are several fluid catalysts that are inherently hard 
27 
to fluidize. An experimental program should be carried 
out to s,e it t~e equation derived in this work could be 
used when other solids were fluidized. 
28 
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DEFINITIONS AND NOMENCLATURE 
l. A "fixed bed" is a body ot motionless solid par-
ticles supported by direct contact with each other and the 
retaining walle. 
2. A "moving bed" is a similar body in which the par-
ticles remain in direct contact and are substantially fixQd 
in position with respect to each other, but move with respect 
to the retaining walls o 
3. A '':fluidized mass" o:t' solid particles is one which 
exhibits the mobility and hydrostatic pressure oharacteristic 
ot a fluid. This condition may be achieved through suspending 
the particles by means of a stream of gas or liquid rising 
past the particles. 
4. A "fluidized bed" is a mass of solid particles which 
eX.b.ibi ts the lig,ui d.-like characteristics of mobility, hydro-
static pressure, and an observable upper tree surface or 
bound.e.ry zone aoross which a marked ob.ange in concentration 
ot partiales ooours. (In a tluidized bed, the random motion 
ot the particles increase with increasing velocity of the 
supporting medium.) 
4a. "Particulate :f'luidization" of a bed refers to a 
con4ition in which the particles are individually and uni-
tor.mly dispersed. (Particulate :f'lui dization is commonly 
33 
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observed in beds fluidized by a current of liquid. The term 
"teetering" as used in the ore-dressing industry refers to a 
relatively high-density suspension of this type.) In contrast, 
coexistence of dense and dilute suspensions (bubbles) within 
a fluidized bed is termed naggregative :f'luidization" (aggre-
gative f luidization is commonly observed in beds fluidized 
by a current of gas)o 
4b. A "quiescent fluidized bed" is a dense fluidized 
bed which exhibits little or no mixing of the solid particles. 
(Such a bed is analogous to a body of liquid at rest, having 
a well-defined upper free surface~) 
4c. A "turbulent fluidized bed" is· a fluidized bed in 
which mixing of the mass of solids takes place~ (The degree 
of turbulence, increasing from. the lower limit of quiescent-
bed oonditions to violent mixing, depends upon the dynamics 
of the system.. The passage of bubbles through the bed may 
give rise to suoh turbulence and mixinge While such a bed 
may operate at a gas velocity below the free-falling velocity 
tor the bulk of the solid particles, it can also be main-
tained at a velooi ty materially above the free-falling 
velocity i:f a continuous feed of solids is supplied to the 
bed. The boundary zone or interface at the free upper sur-
face of a turbulent fluidized bed is generally diffuse, as 
in the surface of a boiling liquid.) 
5. A ,.dispersed suspension" is a mass of soli<l par-
ticles or aggregates suspended in a current of liquid of 
gas rising past the particles, whioh differs from a fluidized 
35 
bed in that an upper level or interface is not formed under 
oondi tions of continuous solids entrainment and uniform super= 
t'ioial velocity. ( This is usually observed under conditions 
ot low solids feed rate, Thus, in general, a dispersed sus-
pension is analogous to a vapor, whereas a fluidized bed is 
analogous to a liquid._ One example of this condition is 
observed in a pneumatic transport. In a vessel containing 
a tl.ui <lized bed. a dilute suspension ot entrained particles 
above the bed also is such a dispersed suspension and is 
frequently referred to as the "dispersed phase" while the 
'oe<l itselt is re:f'erredto as the "dense phase".) 
6. "Channeling" is the establishment of flow paths in 
a bed ot solid parti oles through wh:l.oh a disproportionate 
quantity of the introduced liquid passes. 
7 ,~ "Slugging" is a oondi tion in whieh pockets of bub-
bles of the supporting fluid grow to the diameter of the con= 
taining vessel, and the mass of particles trapped between 
adjacent pockets moves upward in a piston fashion. (This 
condition is usually limited to a vessels of high length-to 
diameter ratio.) 
a. The term t'dense phase" is used to denote a high 
ratio of solids to gas, and the term ''dilute phase" is used 
to (lenote a low ratio of ··solids to gas in a fluidized system,. 
9. "Aeration" is ,the aot of forcing gas into the spaces 
between the solid particles. 
Jo. "Deaera ti on" is the act of releasing the gas from the 
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Thickness ot bed or height of bed 
Height ot an equivalent bed without 
tluidj.zation 
Length of flow p.atli. .:---
Froude number ( dimensionless} 
Re7llolds number 
Net velooity of particle with respeot 
to walls · 
Volume of particle 
Velooi ty required for fluidization 
Volume of gas per unit time in the 
discontinuous phase 
Volume_ of gas per unit time in the 
oonti_;J.uous phase 
Pia.meter of particle 
Gravitational oonstant 
' ' 
Conversion g:ravi tational oon"Stant 
Constant 
Segregation rate 
Terminal gravitational setting velocity 
Ve-looity 
Velocity of particle 
:Porosity of bed 
Porosity in different sections of bed 
























Pressure drop required for fluidizing 
Total pressure drop due to kinetic 
energy loss 
Total pressure drop at incipient 
fluidization 
Density of fluidizing medium (fluid) 
Density of solid 
Viscosity of fluid 
Shape factor 













Injection Point Details 
Type Number One 
rl #oo rubber stopper 
ll·-. --i { u{ 
1/4" copper tubing 
side view 
Type Number Two 
#OO rubber stopper 
1/4" copper tubing 
top view 
FIGURE 12. GAS INJECTION DETAILS 
Type Number Three 
1/QO rubber 







me4e of 24-guage 
aluminum. 
side view 
~ This size varied 




Inspection data on cracking catalyst--Sample FW 1778, 
American Oyanamide Company (new microsphere) 
Grade 60/70 
Chemical Analysis 
(Sample No. FW 1778) 
( Igni te,1 bases) 
Physical Properties 
Particle Size 





less than 150 microns 99 
100 microns 87 
80 microns 70 
74 microns 65 
40 microns 19 
30 microns 10 
20 microns 3 
10 microns ....l 
average particle size (microns) 62 
43 






Apparent bulk density 0~41 g/cc 
Catalytic activity 
Volwne basis 87 
Weight basis 105 
Inspection data on cracking catalyst--Sample from Cities 
Service Oil Company (used microsphere) 
Chemical Analysis (Dry basis 








































Validity of Pressure Taps 
Location of pressure tap--Point 3 
Pressure Tap·at wall of column 
Pressure Tap 1/2 inoh from edge 
Pressure Tap l inoh from edge 
Pressure Tap l l/2 inoh from edge 














Rotaineter Calibration ( cu .. ft. at 745· inm.. Hg and 78° F.) 
Rotameter #1 
Metersettings · 
ou. ft./min. Time 
































































0 0 .. 04 
0 0.1 
0 0.1 
0 0 .. 1 
0 0.1 












J..?eo .. ) 
72 













64 .. 3 
50.3 









cu & ft o /min ~ Time 
Rotameter setting Before - After (sec.) 
1.5 










24 .. 8 




































51 .. 0 
Meter settings· 
ou~ ft./mino Time 





























Catalyst flow ratG data {new. catalyst) 







Height of catalyst from 








42 .. 5 
40.5 
55 .. 2 
61.0 
48.9 




Catalyst density, bulk (new catalyst) 
977 gms. gross 
... 553gm.s. tare or 424g/100 CCo or 0.42 g/cc. 
424 gms. net 










Run number. • • • • • • • • • • . . • • • • • • .lA 
Data. • • • • • • • • • • • • • • • . . • • ••• 3/27/56 
Type injection point ••• 
Location injection point. 
• • • • • • • • • • • .Number One 
• • • • • • • • • • :· .Point A 
Location pressure taps. • • • • • • . . . . • • .LlP1 at 1 
i:\P2 at 2 
AP3 at 3 
.6P4 at 4 
AP5 at 5 
Height of bed from bottom of column, inches ••• 49 
Rotameter used ••• • • • • • • • • • • • • • •• Number One 
Type catalyst.· •• 
• • • • e • • • • • • • • • .New M. s. 






AP1 6P2 ~P3 AP4 AP5 (millimeters of water) 
360 380 370 320 280 
370 385 380 320 280 
360 365 365 315 275 
360 360 360 310 270 





(in .. } 
1\ 
Data 
Run number. • • • • • • • . .. . .. . • • • • • 
Data. • • • • • • • • • • • • • e e • • • • 
•• 2A 
.3/28/56 • • 
Type injection point ••••••••••• , ••• Number One 
Location injection point •• • • • • • • • • • •• Point A 
Location pressure taps •••••••••••••• L1P1 at 6 
~P2 at 7 
.6P3 at 8 
LiP4 at 9 
.6.P5 at 10 
Height of bed from bottom of column, inches ••• 49 
Rotameter used. • • • • • • • • • • • • e • • • .Number One 






.6Pf ~p 2 6P3 6P 4 4P5 
millimeters of wa~er) · 
217 162 108 50 . 4 





210 160 115 60 10 
202 143 98 43 2 
Data 
-
Run number. • • • • • • • • . . ' . . .. . . . . •• 3A 
Data •••• • • • • • • • • • • • • • • • • • • .3/28/56 
Type injection point ••••••••••••••• Number One 
Location injection point •• • • • • • • • • • • .Point A 
Location pressure taps •••••••••••••• 61''1 at 1 
AP2 at 2 
LlP3 at 3 
l\P 4 at 4 
~P5 at 5 
Height of bed from bottom of column, inohes •• ·.49 
50 
Rota.meter used. • • • • • • • • • • • • • • • • .Number Four 











6Pt AP2 AP3 AP 4 ~Pts 
millimeters of water) · 
4!0 420' 355 270 240 
450 440 3 75 ·2"9'5 255 · 
510 505 425 335 290 
350 365 360 305 270 
350 365 360 310 270 
360 380 370 310 275 
365 385 375 315 280 
375 390 380 315 280 
• • • • 
Height 











The velocity will be decreased slowly especially in the 







365 384 372 314 277 
360 376 375 313 275 
352"" ... - 367 359 315 272 
352 366 363 310 272 


















345 3eo 300 310 2110 
350 364 359 308 266 
346 363 356 310 270 
348 357 356 308 266. 
335 352 356 307 265 
320 340 336 305 267 
326 344 340 308 265 
356 375 355 286 250 
347 38? 340 270 240 
312 325 315 253 222 
51 
He:ig ht o_f bed ( in.) 










Turned air off --- let settle "naturally0 -- no external move= 
ment to cause settling. 









6.Pt ~P2 6P3 ~P4 ~P5 
~millimeters Qf _water): 
360 370 312 248 216 
415 405 340 270 240 
440 430 382 290 255 
468 455 385 310 270 
486 477 404. 3~5 280 
514 505 425 .340 3eo 
















&t L\P2 A.P3 AP4 ~p6 
_millimeters of wat'er) -: 
430 425 360 295 256 
464 460 410 330 285 
565 550 462 380 325 






Run number. • • • • .. 0 • • 0 0 0 O • 0 O 0 0 .. ..4A 
Date •••• • • • Q e g o • • 0 • • 0 0 O " .. 0 .3/29/56 
Type injection point •• 0 0 • 0 • 4 4 6 0 0 0 .. .Number One 
Location injection point ... . " . G O O O O 0 .. .,Point A 
Location pressure taps ........... . 0 0 .. • • .6P1 at 10 
~p2 at g 




~P5 at 6 
Height of bed from bottom of column, inches ••• 49 
52 
Rotameter used. • • • • • • • • • • • • • . . .. .. Number Four 






APt ~P2 b.P3, ... .61'4 L\P5 
millimeters Of water) 
0 16 55 125 195 
0 18 60 145 225 
0 41 80 145 205 
. ~ . .. ... New M. s. 
Height of bed (in .. ) 
i9 
49 











L\Pf .61'2 AP3 .AP4 .6.P5 
~millimeters of water} 
10 65 95 170 225 
12 70 95 167 222 
15 70 95 165 220 
12 88 92' 160 210 
0 55 80 150 210 
0 50 80 150 207 
0 45 76 150 205 
0 40 72 140 195 
Out oft air let bed settle ''naturally". 




















.6P! 6P2 .6.P3 6P4 4P5 
~millimeters of water) 
0 18 55 120 180 
0 20 58 130 195 
0 2.4 62 140 207 
0 2f5' 65 148 22%) 
0 25 70' 158 240 
0 25 74 165 240 
0 47 83 150 210 
0 64 90. 160 216 







6Pt .6P2 .6l?3 .6P4 .6.P5 
millimeters of water) 
0 17 52 123 190 
0 15 60 150 240 
0 50 78 155 210 
0 55 80 160 210 
















Run n um.b er. • • • • • • • • • . . . . .. . . . . .5A-l 5A-2 
Date •••• • • • • • • • • • • • • • • • • ••• 3/29/56 
Type injection points. • • • • • 0 • • • 9 0 0 
Location injection points .• • • . " • • • • • • 
Location pressure taps. • • • • • 5A-l 
6P1 at 10 
AP2 at g 
~P3 at 8 
AP4 at 7 
.AP5 at 6 
Height of bed from bottom of column, inches • • 




t1P1 at l 
6P2 at 3 
6P3 at 6 
L\P4 at 7 
~P5 at 9 
.49 
54 
Rotarneter used. • • • • • • • • • • • • • • 5A-l Number Three 
5A-2 Number Four 
TYPe catalyst • • • • • • • • • • • • • • • ••• New M. s. 







.APt AP2 AP3 .AP 4 .l\ P5 
._millimeters.of water) · 
0 11 41 65 100 
0 15 53 95 129 
0 17 77 142 193 
0 20 70 105 112 
0 20 71 106 112 






The pressure taps were changed over to the ones indicated 
tor test 5A-2. 
AP4 was not changed• therefore; the reading should be 
approximately equal. 
2 .5 56 ;. 72 106 108 18 49 3/4 
Run number 5A-l and 5A-2 (continued) 
Rotameter number three was placed at reading of 2.5 
throughout run 5A-2. 
~un 5A-2 



















374 327 185 123 22 
Height of bed (in.) 
50 
386 338 185 125 22 
407 355 185 125 22 
430 368 188 125 22 
437 378 188 125 22 
445 382 188 125 22 
461 395 188 128 23 
473 402 190 128 23 
488 413 188 l28 23 
500 420 188 128 23 
332 350 212 151 50 
332 350 213 152 50 
336 355 214 156 58 
340 362 2lp 157 59 
350 367 217 160 60 
(Placed setting back to 2.5 and checked ) 
2.15 332 350 212 151 50 
(Now cut off injection point at F.) 
















Run number. •••••••••••o•o•o .... 6A 
Date •••• • • • • • • • • • • • • • • • • ••• 3/29/56 
• • • • • • • .. . • • ..Nwnber Two Type injection point ••• 
Location injection point. • 0 • • 0 0 0 0 • 0 .. .,Point A 
Location pressure taps ••• . .. • • " • • • .. .. ..6P1 at 1 
ei.P2 at 3 
AP3 at 6 
AP4 at 7 
AJ?5 at 9 
Height of bed from bottom of oolumn; in:.ches • " · .49 
:aotameter used. . .. • • • • • • • • • • • • • • ..Number Four 

















AP1 .6P3 ~P3 . t:.P4 6P5 
. fmillimeters of water).. . 
388 314 173 113 16 
421 343 186 122 18 
436 353 195 127 18 
465 372 204 133 19 
488 395 218 140 19 
520 420 226 148 19 
540 435 236 152 19 
544 436 239 153 19 
556 444 240. 156 19 
570 456 246 160 19 
580 - • 
548 411 223 .· 160 42 
390 377 220 160 62 
395 378 221 161 ea 
409 381 225 167 70 
413 395 226 169. 74 


















Run number •• • • • • • • • • • • • • • • • • • .7A 
Date •••• • • • • • • • • • • • • • • • • • • • 4/1/56 
TyPe injection point. • • • • • • • • • • • • • .Number Three 
Looation injection point •• • • • • • • • • • • .Point A 
Looation pressure taps •• ·• • • • • • • • • • • .AP1 at l 
.6.P2 at 3 
AP3 at 6 
.6.P4 at 7 
6P5 at 9 
Height of bed from bottom of column, inches •• ·.49 
Rotameter used. • • • • • 0 . .. . . • • • • • • .Number Four 











APt AP2 AP3 AP4 .dP5 
millimeters of water) · 
455 362 205 138 15 
567 470 245 160 15 
585 486 258 170 15 
595 507 268 178 15 
410 375 225 167 56 
414 380 230 168 57 
416 385 230 170 58 
418 389 235 170 60 









Remarks: Bottom of oolumn completely closed. 
Run number. . .. .. . .. . 9 • • • .. .. .. • • •••• a.A 
Date. o • .. • .. . O O O II» 0 0 <> O O O ;, .. 0 • ... 4/1/56 
Type injection point. o ... 
Location injection point. 
.. . " . •• Number Two 
0 • .. . .. • • . .. • • .Point A 
Location pressure tapso .. • " .. .. • dll • • • • 0 ..AP1 at 1 
AP2 at 3 
.6P3 at 6 
L\P4 at 7 
L\P5 at 9 
Height of settled bed from bottom 
of column, inches •••••••••••••••• 49 
58 
Ro tam.et er used .. • • 0 • 0 9 0 0 • 0 • 0 • • .. . .Number Four 









.6P1 AP2 '1 P3 (millimeters 
473 410 226 
520 444 243 
572 490 265 
384 372 220 
390 372 225 







0 • . .. 
Height 
.New M. s. 









Run number. • • • • • • • . " • • • • • • • • • .9A 
Date •••••• • • • • • . .. • • • • • • • • • .4/1/56 
Type injection point. • • • • • • • • • • • • • .Number One 
Looation injection point. 0 4 0 • 0 • e • • • •• Point A 
Location pressure taps ••••••••••••• ..AP1 at 1 
Height of settled bed from bottom 
of column, inohes •••••••••••• • • 
6P2 at 3 
LlP3 at 6 
AP4 at 7 
AP5 at 9 
0 .49 
59 
Rotameter used. • • • • • • • • • . .. . • • • • .Number Four 
Type catalyst. • • • • • • • • • • • • • . .. . .New M. s. 
Rotameter AP1 llP2 ~P5 6P4 ~P5 
settinBj . . {millimeters of waterl Height of bed {in.) 
0.4 455 392 212 145 10 49 
0.7 5l0 438 235. 160 11 49 
1.0 545 460 245 165 12 49 
1.5 367 370 230 170 50 53 
1.8 370 375 235 172 54 53 1/2 
:3.4 373 380 230 175 58 54 1/2 
Run number. .. . . . .. . 0 • • • • • • • • • • •• lB 
Date •••• • • . .. • • • • • • • • • • • .. . • .4/13/56 
Type injection point. • • • • • • • • • • • • • .m.1m.ber One 
Location injection point. • • 0 • • • 
Location pressure taps •••••• .. . 
• • • • .. .Point A 
• • • 0 • ..AP1 at 1 
~P2 at 3 
6.P3 at 6 
.6P4 at 7 
~P5 at 9 
Height of bed from bottom of column, inches •• · .49 
60 
Rotameter used •••• • • • • • • • • • • • • • .Number Four 
Rate catalyst flow in column ••••••••••• 3 inches per 
minute 
Type catalyst 
• • • • 0 0 • • • tit O O 0 
Rotam.eter 









~Pl . 6P2 . .6.P3 t:1P4 AP5 (millimeters of water) 
256 316 156 92 2 
360 315 145 85 5 
355 316 184 115 
367 335 168 115 15 
372 333 170 108 
370 340 172 110 20 
365 335 176 120 20 
370 340 170 130 22 
• • • • .New M. S. 
Run number. • • • • .. . .. . . . . . . . ~ • • 9 'ill .2B 
Date. • • • • • • . . . .. • • • • • • • • • • • • 4/13/56 
Type injection point. • • • • • • • • • • • • • .Number Two 
Location injection point ••• . .. .. . 
Location pressure taps •• Ill • • • • @ 
• • • 0 • oPoint A 













Height of bed from bottom of column, inches ••• 49 
61 
Rotameter used •••• 
• • • • • • • • • • .Number Four 













391 330 166 
407 345 175 
410 345 174 
405 335 170 
395 330 164 
403 332 165 
400 327 168 
410 335 175 
413 338 178 











• .3 .:i.nche s per 
minute · 
.New M. S • 
62 
Run number. • • • • • • • • • • • • • • • • • •• 3B 
Date •••• • • • • • • • • • • • • • • • • • •• 4/13/56 
Type injection point ••••••••••••••• Number Three 
Location injection point. • • • • • • • • • • .. .Point A 
Location pressure taps. , • • • • • • • • • • • .e.P1 at 1 
6P2 at 3 
AP:5 at 6 
,6P4 at 7 
AP5 at 9 
Height of bed from bottom of column, inches • • ·• 49 
Rotameter used •••• • • . .. . • • • • • • • • .Number Four 
Rate catalyst flow in column. • • • • • 










410 342 174 65 18 
412 345 176 67 18 
406 336 172 62 18 
392 332 165 63 16 
396 336 170 66 17 
400 340 176 67 18 
410 345 178 70 19 
• • • • .3 inches per 
minute 
0 $ 0 (t oNew M. s. 
Run numb er. • • • • • • • • • • • • • • • • • • 
Date. • • • • • • • • • • • • • • • • • • • • •• 4/13/56 
Type injection point ••••••••••••••• Number One 
Looation injeotion point. 
• • • • • • • • • • • .Point A. 
Location pressure taps •••••••••••••• ~P1 at l 
LlP2 a.t 3 
6P3 at 6 
.6P 4 at 7 
AP5 at 9 
Height of bed from bottom of oolum.n, inches •• -.49 
63 
Rotameter used •••• • 0 . .. • • • • • • • • • .Number Four 
Rate catalyst flow in oolumn. 
• • • • • • • • • .3 inches per 
minute 











365 336 184 130 20 
375 340 186 154 20 
365 341 186 135 20 
360 334 172 160 18 
565 336 173 118 19 
375 338 175 112 10 
376 340 176 108 8 
580 341 178 108 8 
Run number. • • • • • • • • • 
Date. • • • • • • • • 0 • • • 
• • • • • • • • • .5B ... l 
5B-2 
• • • • . . .••• 4/19/5e 
Type injeotion points. • • 0 0 • • • • • • • • .Numb er One 
Looation injection points • • . " • • 
Location pressure taps. • • • • • • • 
• • • • 
• • • 0 
•• Point A 
Point F 










Rota.meter used. • • • • • • • • • • • • • • 5B-l Number Three 5B-2 Number Four 









(Only injection point F was used} 
l1Ptm111iMete~!3 ot ';,~~er} P5 
180 172 115 80 0 
180 220 145 100 0 
185 250 184 130 0 
150 235 120 95 0 
200 195 155 120 0 
Rotam.eter number 3 was set at a reading of 1.2 and left 
at this point throughout run 5B-2 
Run number 5B-l and 5B-2 (continued} 
Run 5B-2 











AP1 AP2 ~P3 (millimeters 
374 345 180 
390 350 185 
370 340 175 
385 342 180 
390 347 162 
375 340 180 
376 337 160 











Rotameter Number Four at minimum (0.6) 
Rotameter ~pf AP2 AP3 AP4 ~P5 
settins ~millimeters of water) 
0.6 376 337 160 105 0 
Out off Rotameter Number Three 
Rotameter AP1 AP2 llP3 AP4 .A P5 
.setting (millimeters of water) 
376 337 160 105 0 
65 
66 
Run number. • • • • • • • • • • • • • • • • • • • • .10 
Date ••••• • • • • • • • • • • • • • • • • • • • .. 4/14/55 
Type injection point ••••••••••• 0 • • • • aNumber One 
Location injeotion point ••••••••••• • • ... Point A 
Looa tion pressure taps. • • • • • • • • .. • • a • • .JlP1 a.t l 
AP2 at 3 
L\Pi at 6 
i6P4 at 7 
~P5 at·'9 
Rotam.eter used •• 
• • • • ·o • • • • • • • • • • • • .Number Four 
Rotameter wa.s set at 1.5 ( determined in run 9.A) ,with no 
catalyst in tube. Catalyst is added in 200 grams increments. 
Type catalyst ••• • • • 0 0 e 0 • • • • • • • • • .New M. s. 


















Height of catalyst 
in tube, from 












AP ~p '1Pi AP4 AP5 1 (mil~imeters"''bf'. water) 
0 0 0 0 0 
2 0 0 0 0 
14 0 0 0 0 
38 5 0 Q 0 
66 32 0. 0 0 
95 60 0 0 0 
123 80 0 o. 0 
153 120 0 0 0 
·183 '148 0 0 0 
217 181 15 0 0 
245 210 46 0 0 
285 241 80 24 0 
310 274 !10 52 0 








Height of catalyst 





AP1 ~P2 .6P3 AP4 AP5 (millimetera,of water) 
iaQ io, 142 7a g 
155 335 175 12© 18 
376 355 205 150 45 
67 
Run number. . .. . • • • • • • • • • • .. . . . . .lD 
Date. • • • • • • • • • • • • • • • • • • • • ... 4/21/56 
Type injection point •••• • • • • • • • • • •• Number One 
Location injeotion point •••• 
. " 
Location pressure taps •••• . .. . <I • 
0 0 0 0 ..Point A 
.. . . • ~lat 1 
.6P2 at 3 
AP3 at 6 
AP 4 at 7 
~P5 at 9 
Height of bed from bottom. of column, inches .... 49 
68 
Rotameter used. • • • • • • • • • • • • • • • • .Number Four 





















AP AP2 AP3 AP4 A P5 hn.illimeters of water) 
516 453 235 162 23 
535 467 245 167 27 
552 485 251 170 28 
570 500 261 176 28 
585 512 265 182 29 
598 526 276 188 29 
616 536 280 190 29 
629 552 284 194 30 
658 578 300 204 31 
672 592 308 211 32 
679 596 310 211 32 
693 606 314 214 32 
732 635 340 230 32 
747 346 237 33 
763 350 239 33 
777 355 245 33 
792 365 256 33 
807 372 252 33 




















Run number lD ( continued) 
Ro tam.et er 
~pl APf AP3 
settin5 tm111 meters 
AP4; AP5 
of water) Hei5ht of beer { in. l 
2.05 822 381 261 33 49 
2.20 848 392 268 33 49 
2.4 880 408 275 33 49 
2.5 892 414 284 33 49 
2.75 585 380 270 65 51 
3.0 570 606 395 295 75 52 
3.7 580 610 395 296 80 53 
4.5 590 633 396 297 100 54 
5.5 625 635 397· 295· 101 55 
8.0 628 398 296 122 56 
5.9 610 640 392 305 120 
4.5 555 600 375 286 111 55 1/2 
3.3 495 555 350 270· 100 
3.0 425 400 380 250 70 53 
2.a 375 400 290 255 70 52 
2.5 540 320 300 245 65 51 3/4 
i3 .3 550 575 365 250 55 52 
2.1 555·· 575 350 260 60 52 
1.9 570 595 350 250' · 60 52 
1.5 525 550 330 250· 55 52 
1.0 -435 515 300 215 50 51 3/4 
0.5 420 470 275 200 45 511/2 
2.0 770 660 350 246 35 49 
2.4 825 715 362 255 33 49 
2.5 845 735 367 252 33 49 
2.7 875 760 378 255 33 49 
2.9 900 785 388 260 33 49 
3.2 520 385 271 70 51 1/2 
3.9 (570) ( 380) 281 90 52 
600 390 
5.0 ( 575) 385 295 105 55 
615 ( 395) 
a.o (600) 395 308 135 59 
610 
6.0 (~45) 395 310 130 57 1/2 
575 
4.0 295 (305} 240 70 52 1/2 ( 305) 310 
3.0 (240) ( 205) 210 55 51 1/2 
260 275 
2.5 (550) - 365 258 60 51 1/4 
580 
2.0 540 (560) 340 255 55 51 
1.0 480 (500) 
295 210 45 
70 
Data 
Run number. . .. 0 • . .. .. 0 .. 0 .. .. 0 • " .,21) 
Date •••• " 
.. " . " 0 0 0. 0 .. .. .. 4/23/56 
Type injection point .. . .. o o e • • o 0 0 q. • 0 .Number Two 
Location injection point .... 
.. " ... Point A 
Location pressure taps. o .. • • .. o • .. .. .. • .. ..AP1 at 1 
Rotameter used .......... .. .. 0 
Height of bed from bottom of column, inches 
" .. 
Type catalyst 0000090 • • 9 • 
Rotameter AP h.P. 6P3 6P4 AP5 
setting 1 {milltmeters of water) · · Height 
0.2 500 405 230 170 26 
0.5 556 451 258 187 22 
1.0 631 512 290 208 24 
1.5 715 580 328 235 26 
2.0 780 650 326 267 30 
2.2 805 660 361 266 30 
2.3 818 676 366 255 30 
2.5 845 688 370 264 30 
2.6 860 700 377 265 30 
2.7 878 715 383 266 30 
2.8 903 732 390 270 30 
2.9 913 740 392 270 30 
3.0 940 758 395 270 30 
3.2 708 680 395 275 55 
3.5 ( 788} 680 394 280 65 
794 
3.7 (690) 675 391 282 75 
705 
4.0 ( 630) ( 660) 390 290 87 
670 670 
6P2 at 3 
AP3 at 6 
6.P4 at 7 
~P5 at 9 
.,Number Four 
.49 
oUsed M .. S. 



















Run number 2D (continued) 
Rotameter 
.6Pf .6.Pz .6P3 b. P4 6 P 5 
settigg ,.:.millimeters of water) Height of bed (in.) 
4.5 (690) (665) 398 295 90 53 1/2 
700 670 
5.1 690 (705) 675 399 300 105 54 1/2 
s.o ( 708) 676 412 315 150 59 
714 
5.1 (620) ( 600) 383 300 120 
680 660 
4.5 ( 640) (655) 375 295 100 53 
710 670 
4.0 ( 575) (645) 364 275 100 
615 · 655 
3.5 ( 565) ( 625) 360 265 80 52 1/2 
675 655 
3.0 ( 560) 630 350 271 74 
680 (660) 
2.5 (520) (330) 245 65 51 1/2 
590 370 
2.0 540 ( 305) 215 50 51 ( 586) 350 
1.5 ( 540) (360) (280) (225) 45 51 
550 540 320 240 
0.9 485 475 248 170 33 50 1/2 
Run number. • $ • • Iii 0. 0 e 9 10 0 • • • • 0 0 • .3D-1 
3D-2 
Date •••• 0.0+"000 0 • • • • • • • .4/23/56 
Type injection points •• • • 0 .. • 0 .. 0 • • 
Location injection points ••• . .. " .. . . " 
.. .Number One 
.. .. Point A 
Point F 
Location pressure tapso o o .............. ..6P1 at 1 
Height of bed from bottqm of column, inches .... 
6.P at 3 
.2 
b.P at 6 3 
h.P4 at 7 
.6P5 at 9 
.49 
72 
Rota.meter used. 0 • • • • • • • • • • • • • 3D~l Number Three 
3D-2 Number Four 
TY.Pe catalyst • 9 0 O O • to • • • • • 0 • • • o .Used M. So 
Run 3D-l 
(Only injection Point F was used) 
Rotam.eter .AP ~P AP 
se~tins .... l{mi11fmeterl 
.!\P 4 ..!\P5 
of water) Hei5ht of bed ! ino) 
1.05 58 74 94 74 8 49 
1.8 157 208 J.65 18 49 
2.45 190 245 212 36 49 
3.4. 80 100 120 (150) 170 (1so) 40 51 1/2 
3.0 120 150 175 
C200) 170 Ciao) c;g} 51 
4.6 175 255 220 50 52 
Run 3D-2 
Rotameter Number Three was set at 3.0 using injection Point 
F. It was left at this setting throughout run 3D-2. 
73 
Run number 3D-l and 3D-2 (continued) 
Rotameter AP1 .1Pf AP ...1 P4 .4 P5 
set tins {mill meter! of water} Hei5ht of bed {in.} 
0.6 610 300 220 60 52 
0.95 655 310 227 65 52 1/4 
1.5 725 600 320 230 70 52 1/2 
2.05 782 660 320 233 72 .... 
2.4 825 695 322 230 70 53 
2.7 865 720 320 230 73 
2.95 885 745 324 230 70 53 
3.2 ( 510) 355 260 95 54 1/2 
550 
Out off Rotameter Number Three 
Rotameter ~pl AP2 AP3 AP4 AP5 
set tins ,millimeters of water) Hei5ht of bed (in .. l 
3.2 (490) {356) 260 94 54 
570 360 
3.5 (575) ( 630} 405 (280) 75 
660 710 (330) 290 (92) 
Using rate 3.5 on Rotameter Number Four, Rotameter Number 
Three was out back in at a rate of 3.,0 
3.5 (480) 
620 
267 ( 103) 107 
74 
Run number •• .. .. • • . . .. • 0 • 0- 0 0 • • 0 0 .. 4D 
Date ••••• a • • • • o • • • • • • 0 • • • ... 4/23/56 
Type injeotion point •• 0- • • • • • • 0 0- • . .. .. Number Three 
Location injection point .. o . .. 9 II • Iii c> 
Location pressure taps ..... .. .. . " .. 
. .. 
.. . 
•• Point A 
• ...AP1 at 1 
AP2 at 3 
L\P3 at 6 
6P4 at 7 
AP5 at 9 
Height of bed from bottom of column, inches .... 49 
Rotameter used .. • • • • 9 • • .. 0 • • • 0 0 -0 .. .Number Four 
Type catalyst •• • • • • • • 0 • • • • 0 • • • .Used M. s. 
Rota.meter l1P1 l1.Pz 6P3 AP4 L:\P5 
set tins {millimeters of water) Height of bed (in. } 
0.6 650 279 190 28 49 
o.9 736 316 215 33 49 
1.35 780 340 235 33 49 
1.s 910 728 395 268 35 49 
2.5 960 800 415 288 35 49 
2.9 ( 610) 405 288 72 51 3/4 
670 
3.6 (650} (385) (290} 86 53 
660 395 300 
5.2 ( 625} 650 396 306 llO 54 1/2 
665 
8.0 c~g, 650 ( 400} 311 140 58 (e,55) 405 
s.o (620) (3SO), 294 110 56 1/2 
660 390 
3.5 (560) ( 340) 255 92 53 
650 360 
75 
Run number 4D (continued) 
Rotameter '6P 6.P ~P3 L.\ p 4 6P5 
. set tins l{mill!meters of water}· Height of bed {in.) 
3.0 510 340 (267) 81 52 3/4 (530) 275 
2.5 ( 440) 333) (195) 75 52 570 (350 215 
2.0 (580) 296 205 50 52 
620 (310) (214) 
1.5 (;;~) 185 190 48 
· -76 
Run numb er. 
" . . . .. • • • • 0 • • . .. . • • •• lE 
Date •••••• • • • • • • • • • • • • • • • • • 4/24/56 .... ..... -.. 
TYPe injection point ••••• • • • • • • • • • .Number One 
Location injection point. • • • . . .. • • • " . .AP1 at 1 
.aP2 at 3 
LiP3 at 6 
,6P4 at 7 
.6P5 at 9 
Height of bed from bottom of column, inches ••• 49 
Rotameter used. • • • • • • • • • • • • • • • • • Number Four 
Type catalyst • • • • • • • • • • • • • • • • • • Used M. s .. 




























Date •••• . . ~ . • • • 
Type injection point ••• . .. .. 
Location injection point •• . .. 
Location pressure taps. 
Rot am.et er used .. .. • • 















• • • .. 





,. •• 2E 
. . .. .4/24/56 
. .. . • .,Number Two 
. .. . .,Point A 
.. .. • .. .. .. .,AP1 at 1 
l\P3 at 3 
• . . • ~ . .Number Four 
• .Used M., S., 












Run number. . . .. .... 
Date. • • • • 
. .. .. . .. . .. 0 .... 
0 • • • • • • • • 
• • • 




Type injection point. • • .. . • • • • • • • • • .Number Three 
Looation injection point ••• • • • • e • • o • .Point A 
Loo at ion pressure taps. • "' • • .. .. • .. .. • ., • .L1P1 at 1 
AP3 at 6 
Rotam.eter used ...... . 0 • • • • • • • • • • .Number Four 
Height of bed from bottom of oolumn, inohes ••• 49 


































Run number. " .. .. . " 
Date •••• • 0 • • e • o o .. .. • • . .. .. • .4/23/56 
Type injection point. .Number One 
Location injection point ... o ., .,Point A 
Location pressure tapse ......... ® ............ AP1 at l 
~P2 at 3 
6P3 at 6 
~P4 at 7 
b.P5 at 9 
79 
Rotameter used ..... o .Number Four 
Rotameter was set 3.,0 With no catalyst in the tube. 
Catalyst was a<lded in 600 grams increments. 











Weight of catalyst 










5 0 -u 0 
35 ~o o o 
100 66 0 0 
190 145 0 0 
260 220 0 0 
320 310 66 0 
( 3·8·8) 380 168 70 395 
(405)· 500 
( 490) 560 

















Run number. • • • • • • • • • • • • • • • • .lG 
Date •••••• • • • • • • • • • • • • • • • • .5/25/56 
Type injection point, ••••••• • • • • • • ,Numb er Three 
Looation injection point ••••••••••••• Point A 
Location pressure taps •• 
Rotam.eter used. • • • • • 
• • • • • • • • • • • ,AP1 at 1 
AP at 6 3 
• • • • • • • • • • •• Number Four 
Height of bed from bottom of column, inches •• .-49 
TYPe catalyst •••• • • • • • • • • • • • • • .used 14. s. 












• • • • • • • • • • • • .(0.5) inches per minute 













Run number •..•• • • • • • • .. . .. • • • • .lH 
Date. • ."· ••• • • • • • • • .. . . • • • " . • .5/25/56 
Type injeotion point ••••••••• • • • • • .Number Three 
Looation injeotion point •••••••• . " . •• Point A 
Looation pressure taps ••••••••••••• AP1 at 1 
ClP3 at 6 
Rotaineter used •••••• • • • • • • • • • • • .Numb er Four 
Height of bed from bottom of column, inches • · •• 49 
Type catalyst •••••••• • • • • • • • ••• used M. s. 





























. " \\I • • . " " • • • 
. .. • • • • • .ll 
Date •••• e • • • .. 0 • . .. • • • • 0 .5/25/56 
Type injeotion point •• • • • • 0 • • • • • • • .Number Three 
Location injeotion point ••• • • • • • • • • ... Point A 
Location pressure taps •••••••••••••• dP1 at l 
AP3 at 6 
Rotameter used •••••• • • • • • • • • • • • .Number Four 
Height of bed from bottom of column, inches ••• 49 
• • • • • • • • • • • • • •• New M. s. Type cataly.st • • • 


































Run number. . .. • • • • • • • • • IQ) • • • . .. . ..lJ 
Date ••••• • • • • • . .. • • e • • • • • • ... 5/25/56 
Type injection point. • • • • • " . • • . " .. . .Number One 
Location injection point •• 
• • • . .. . • • • • .Point A 
Location pressure taps. .. • • • • • • • • • • • .AP1 at 1 
AP 3 at 2 
Rotameter used. 
" 
.. .. • .. .. 9 • • .. • • .. • .. • .Number .Four 
Height of bed from bottom of column, inches ..... 49 
Type catalyst ••••• • • . " • • • • . .. . •• New M. Se 




























Run number. • • " . . . " . " • • • • • .lK 
Date •••• . ., . . . • • • • 0 • • • • .5/25/56 
Type injection point. .. . • • • • • • • • • • • .Number Two 
Looation injection point. 
. " • • • • • • • • • .Point A 
Location pressure taps .............. .AP1 at l 
AP2 at 2 
Rotameter used ••••• ., . . . " . . . . . • " .Number Four 
Height of bed from bottom of column, inches •• .,49 
Type catalyst •••• 
• • • • e • • • • • • • • 



































Run number •• • • • • • • 0 • • • .. . • • • • • • lL 
Date •••• • • • • • • • • • • • • • • • • • • • 5/25/56 
Type injection point ••••••••••••••• Number Two 
Location injection point. 
Location pressure tap 
• • • • • 
• • • • • • • 
• • 
• • 
• • • • .Point A 
..AP1 at 1 • • • • 
85 
Rotameter used •• • • • • • • • • • • • • • • • .Numb er Four 
Height of bed from bottom of column, inches ••• 49 
Type catalyst • • • • • • • • 














• • • • • 
. . . 
• • • 
• • 
• • 
• • ••• Used M. s. 
• • • • .4 inches per 
minute 















Run number. • <) • • • <I • • • • • • • • • • ••• J.M 
Date. • • •• . " • • • . .. .. 5/25/56 
TyPe injection point. • o o • e • • • • • • • • .. Number One 
Location injection point. $ • • .... Point A 
Location pressure tap • • • .. • • .. • . .. • • • .. .AP 1 at l 
Rota.meter used. • . ., . . • • • • • • • • • • • .Number Four 
Height of bed from bottom of column, inches ..... 49 
Type catalyst • • • • 












• • • • 
• • • • 
• • • . . .. . • • .Used M. s. 
• • • • • • • • • .4 inches per 
minute 













Run n um.b er. • • • • • • • • • • •• • • • • • • •• lN 
Date ••••• • • • • • • • • • • • • • • • • • .5/25/56 
Type injection point. • . . .• • • • • • • • • •• Number One 
Location injection point. 9 • • • • • • • • • •• Point A 
Location pressure tap. • • • O O 0 • 0 • • 0 • .AP1 at 1 
Rotameter used •• • • • • • • • • • • • • • • • .Number Four 
Height of bed from bottom of oolumn, inohes •• · .49 
Type catalyst • • • • • • • • • • • • • • • • .. .New M. s. 











• • • • • • • • • • • • • • • 4 inches per 
minute 










Run number. • • • • • • • • • • . .. . . • • • •• 10 
Date ••••• • 0 • • • • • • • • • • • • • • • 
0 • • • • • ill Type injection point~ ••• 
Looation 1njeot1on point. • • • • • • ••• Point A 
Looe.tion pressure tap • • • • • • • • • • • • • .,er.P·1 at l 
88 
Rotameter ~sod •• • • • • • • • • • • • • • • • .Numb er Four 
Height of bed from bottom of oolumn, inches ••• 49 
Type catalyst •••••• 










. . . . . .. . . . .. •• New M. s .. 
• • • • • • • 6 • ••• 4 inches per 
m.inu.te 










Diameter of column, insidet inches •• • • 0 0 • • 1.5 
o.06678 
© .. 899 
Area of column, inside, square feet • • , .. 
• • • 










• • • • • • . . .. . .. 3 inches per 
min~te or o .25 
feet per minute 
0.06678 x 0.25 = .0167 (ou. ft./min.) 1 of catalyst volume 
displacement 
Catalyst velocity •• 
ft ./hr. = 3 in. 
min. 
• • • • • • • 
X 60 min. x ! hr. 
• • • • 
1ft. 
!2 
• • • • feet/hour 

































DERIV ATIOli OF Ec;iUATION ( 14) 
••• 0 1A 





the gravitational accelerating force ( d.ynes-) 
the resisting upward drag force (dy:nes) 
relative velocity between the main body of 
fluid and partiele or body om./seo. 
terminal gravitational settling velocity 
of body or particle relative to tl uid cm./seo. 
90 
91 
Fg -... (15) 
gL -- looal acceleration due to gravity, · em./see. 2 
Mp = mass of particle, grams. 
1i"f PP/5/6 . 










density of medium (gm./eu.cm.) 
the fore e down .. 
(~ u2)Apc 2 . 
density of bed, gm./ou.om. 
relative velocity between main 
and particle or body, em./see. 
area of projected plan trDP2/4, 
( 16}, 





drag coefficient (dimensionless) 
Fr represents the force up. 
When Fr is equal to Fg the terminal velocity has been reached 
and then u = uT• Therefore: 
Qr solving for u: 
u = v2{'~ ~&ii-fl 
Ap ::: ,rDp2/4 
Mp : (slP rrDp~/o 
Fr = 1TDp2oeu2/ 8 (18) 
By substitution and solving for uT: 
UT :: \I 4gL Dp {m-e) ~ 3f>o (19) 
For streamline flow when the inertial terms are negligible 
the following relation holds: 
F : r (20} 
This is recognized as Stokes Law. 
Converting the velooity needed for fluidization into terms 













diameter of particle, cm. 
velocity of air, om./seo. 
density of partiole, gm./ou.om. 
visoosity of air, gm./cm.seo. 





This puts the flow~ in the streamline range; ther)3fore, Stokes 
relation should hold. 
Substitution of Equation 18 into Equation 16 gives the 
followitig drag ooeffioient: 
0 : 24/NRe (22) 
~4u; -
The oombination of Equation 19 and. Equation 2ft gives'-the 
following: 
-
s DP2 ce:o-e >. 
.1s r 






980 :X: 0.©000384 X (2.54-0.001) 




The terminal velocity of 34.8 feet per hour is one and one-
half of that velooi ty required. for fluidzation. 




: velocity required for fluidization 
: terminal velocity 
: net velocity of particle with respect to 
walls of the vessel. 




Pressure Drop plotted as a function of Gas Velocity 





























( . ) Inoreasing Velocity 
( x) Decreasing Velocity 
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This point is 
to both curves 
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G.AS VELOCITY, FEET PER HOUR 
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~ This point is common 
to both curves 
0 L..1---•-~..1.-.---i..---1:---- Xl 
0 20 30 40 50 
Height of Bed, Inches 
.~~~~-'-~~~~..._~~~--'-~~~~_,_~- Xz ~ 
26 36 46 56 
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